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Executive Summary 


Field inspections and a recent study report ("Cracking in Bridge Decks: Causes and 
Mitigation”, CDOT Report 99-8) showed that the cracking problem of bridge decks in Colorado 
has not been completely solved, and therefore, there is a pressing need for further improvement 
of the concrete mix designs currently used in Colorado for concrete bridge decks. 


Four different tests were selected for characterizing the mechanical properties and 
durability properties of concrete. Compressive strength tests at 3 days, 7 days, 28 days, and 56 
days; rapid chloride permeability tests (AASHTO T277) at 28 days and 56 days; and crack 
resistance tests (or ring tests, AASHTO PP34-98) were performed for all concrete specimens. 
Drying shrinkage tests were performed on selected concrete specimens. 


There were two phases in this project. Based on an extensive literature review, the 
recommended concrete mix in CDOT Report 99-8, and input from the concrete specialists of 
CDOT, 18 mix designs were formulated in the Phase I study in order to single out some good 
mix designs satisfying the selected strength and durability requirements. The Phase II study was 
mainly a fine-tuning of the mixes selected from the Phase I and finalization of the mix designs to 
be used in the field. The recommended concrete mixes are characterized by good workability, 
proper air content, adequate strength, low chloride permeability, and low drying shrinkage 
potential. 


It was found in this study that (1) the ratio of water to cementitious materials has the most 
significant effect on chloride permeability; (2) the permeability is not strongly correlated to the 
total air entrainment; (3) the time for the first cracking to occur is related directly to the cement 
content and thus the strength of concrete; (4) Class F fly ash is better than Class C fly ash in 
improving both the chloride permeability and cracking resistance of concrete; (5) a proper 
increase of coarse aggregate can improve the permeability, the cracking resistance, and 28-day 
strength of concrete. 


Considering overall performance of the concrete mixes tested, the ranges for optimal 
concrete design parameters were determined: cement content from 465 to 485 Ib/yd°; 
water/cementitious ratio from 0.37 to 0.41; 4% silica fume, Class F fly ash from 20% to 25%; 
and curing time of seven days. Within the optimal ranges of the mix design parameters, two mix 
designs were recommended for use in the summer and in the winter, respectively; and one mix 
design was recommended for thin overlays. 


The overall achievements of this project are: 


e Cement content was reduced from above 600 Ib/yd? to below 500 Ib/yd?. 
The chloride permeability was reduced from about 6000 Coulomb (at 56 days) to below 2000 
Coulomb. 

e Specific ranges for concrete design parameters were identified, which provide flexibility for 
various deviations in concrete mix design to meet specific needs. 


Implementation Statement 


Recommendations on the three concrete mix designs (two for bridge decks and one for 
thin overlay) are provided in Section 7 for CDOT to consider. Although similar concrete mixes 
were already used in the construction project of I-225 & Parker Rd., a follow-up study will be 
necessary to monitor the performance of the concrete and further modify the mix designs if any 
one of the recommended mixes is used in an actual construction project in the future. 
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1. Introduction 


Results of field inspections organized in 1997 by the FHWA division office showed that 
the cracking problem of concrete bridge decks has not been solved completely in the state of 
Colorado. Since 1998, several new concrete mix designs (such as Class SF and Class DT) have 
been used for bridge decks, in addition to Class D. In a recent research report published in 1999 
("Cracking in Bridge Decks: Causes and Mitigation", CDOT Report 99-8), the survey results on 
four bridges constructed by different concrete mixes indicated that there are still some deck 
cracking problems, although most of the decks do not have major cracks. 


Another concern with the concrete used for bridge decks is the chloride permeability of the 
concrete. Analyses of the concrete cores taken from several existing bridges in Colorado 
indicated that the concrete used for bridge decks have high chloride permeability, ranging from 
5000 to 10,000 coulombs. The high permeability reflects high porosity and poor pore structure 
in the concrete, which inevitably affect the properties of drying shrinkage, freeze/thaw resistance 
and thus the long-term durability. 


On the other hand, specifications on the crack resistance and the chloride permeability 
have not been incorporated in bridge construction projects in Colorado. Inappropriate concrete 
mix designs may be one of the primary factors responsible for long-term durability problems of 
bridge decks. Therefore, there is a pressing need to develop a better concrete mix design for 
bridge deck applications, especially suitable for local applications in Colorado. 


There were two phases in this project. We started from an extensive literature review, 
collected valuable input from the concrete specialists of CDOT, then we determined the testing 
methods for evaluating the mechanical properties and durability properties of concrete for bridge 
decks. Eighteen mix designs were then formulated in the Phase I study in order to single out 
some good mix designs satisfying the selected requirements on concrete durability. The Phase II 
study was mainly a fine-tuning of the mixes selected from the Phase I and finalization of the mix 
designs to be used in the field. The recommended concrete mixes are characterized by good 
workability, proper air content, adequate strength, low permeability, and low drying shrinkage 
potential. 


2. The Concrete Mix Designs Used by State DOTs for Bridge Decks 


High Performance Concrete (HPC) has been used in many states for construction of bridge 
decks. Table la lists concrete mix designs used for bridge decks in several states. These mix 
designs are collected from technical papers published in the literature, not from specifications of 
the state DOTs. As a comparison, Class DGFA/10 and Class SF from CDOT are also listed. 
From Table la, we can find some common characteristics and some divergences in the concrete 
mix designs. 


The common characteristics are: 


e Using pozzolanic materials, especially fly ash and silica fume 


e Moderate w/c ratio 

e Low permeability 

e Moderate air content 

e Emphasizing the importance of reasonable strength (i.e. not higher than 10,000 psi) 


The divergences are: 
e Cement content: the range is from 382 Ib/yd*to 750 Ib/yd?. 


e Compressive strength: the range is from 4000 psi to 8000 psi. 


Table la. Concrete Mix Designs for Bridge Decks Used by State DOTs 


Silica fume 28-d Permeability 
States Cement | Fly ash (Ib/yd@ ) w/(c+m) rae 28d (Coul.) Saas Slump 
- a i a (psi | = 

Shing. P.B.et al, 

ee) 
a AE ll Ed 
Se 

(Detwiler,1997) at 14d 
Seo 

(Alampalli,2000) 


Washington ae ae cs 
(FHWA-RD-00- 5300 
aes at56d 


Nebraska eset Ea 89 


Beacham, M. W. at Ea at Ea 
(1999) 


Texas (Ralls, 382- la _ 131 el 31-0. lees! 4000 <2000 
M.L., 1999) 


New 607 45 0.383 <1000 3-5 
Hampshire ‘ at 56d 

(Waszczuk, C. 

M. et al, 1999) 


Virginia 560 140 0.45, 5000 2500 
(FHWA-RD-00- 
123 


3. Requirements for Properties of HPC 


Table 1b. lists the requirements for HPC used in the U.S. One can see that not only the 
compressive strengths at 28 days and 56 days but also the rapid chloride permeability (AASHTO 
T277) have been included in specifications in many states. In addition, the ring test for crack 
resistance (AASHTO PP34-98), long-term chloride penetration test (AASHTO T259), scaling 
test (ASTM C672), drying shrinkage test (ASTM C517), freeze-thaw resistance test (AASHTO 
T161), and creep test (ASTM C512) are also adopted by some of the states. 


Table 1b. Requirements for HPC Used in the U.S. 


Requirements 


State Permeability 
Strength (coulombs) Other properties 
(psi) [AASHTO 
4 
ee | Le no use of HPC 


ial ed a, at 28d Ring test: > a days Specified for a IBRC 
at 56d [AASHTO PP34-98] project 
Eastern 2000 at 28d For deck replacement 
Federal projects 
Lands 
a ea 
at 28d microsilica 


Chicago 2000 at 28d 90d Chloride penetration | Illinois State DOT 
DOT at 0.5-1”: 0.03%, approaches mix design 
acceptance [AASHTO T259]; by controlling qua lity 
criteria for Scaling at 50 cycles(O-1 | and compatibility of the 
Wacker rating)[ASTM C672]; components in the 
Drive Shrinkage: 600 concrete mix. Have 
microstrain at strength requirements, 
90d[ ASTM C517]. but no acceptance criteria 
for chloride permeability. 
Use of pozzolans in the 
right proportions will 
give the desired 
characteristics. 


Iowa 5000 at 1200 at 28d For trial batch concrete 
ee eee eee | 
Massachusetts | 5000 at 1500 
Peo 
icc A A a 
specification 
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Table 1b. Requirements for HPC Used in the U.S. (continued) 


Requirements 


Permeability 
(coulombs) 
[AASHTO 

T227] 


Strength 
(psi) 


Other properties 


5000 at 1000 For CIP bridge deck 
28d (regardless age) 


Missouri 


poe | 


New 


design 
strength 
on 


nace at 1000 
28d 


1000 
(regardless age) 


eee and free/thaw 
lee 


HPC decks used on a 
limited basis; still working 
on specification 


For precast girders 


For bridge deck 


28d 


New Jersey 


5365 at 
56d 
(4350 for 
productio 
n) 


1000 at 56d 


5365 at 
56d 
(4350 for 
productio 
n) 


1000 at 56d 


Scaling at 50 cycles: (2-3 
rating) [ASTM C672], 
Freeze/thaw at 300 
cycles: 80% relative 
dynamic 
modulus[AASHTO 
T161] 

Abrasion- 1mm[ASTM 
C944], Freeze/thaw at 
300 cycles: 80% relative 
dynamic 
modulus[AASHTO 
T161] 

Shrinkage at 56d:400- 
600 microstrain [ASTM 
C517]. Elasticity: 28-40 
Gpa, 

Creep: 40-60 
microstrain[ASTM 
Cot] 
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For bridge deck 


For pier walls in water 


For precast/prestressed 
members 


Table 1b. Requirements for HPC Used in the U.S. (continued) 


State 


Permeability 
Strength (coulombs) Other properties 
(psi) [AASHTO 
T227] 


Freeze/thaw at 300 For precast/prestressed 
10150 at cycles: 80% relative members 
56d dynamic modulus 

[AASHTO T161], 

Scaling at 50 cycles: 

(0,1,2,3 rating) [ASTM 

New York C672], 

Elasticity: greater than 50 

Gpa, Creep at 56d: 

60/Mpa [ASTM C512], 

Chloride penetration at 

1”: 0.025% [AASHTO 

T259] 


Prescriptive approach to 
HPC using varying 
amounts of pozzolans 
and corrosion inhibitor 
North depending on member. 
Carolina Durability, not strength, 
is the main focus. 


North First HPC bridge deck 
Dakota due in 2002 


Uses a low permeable 
concrete for bridge 
decks. Started work on 
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Table 1b. Requirements for HPC Used in the U.S. (continued) 


State 


Permeability 
Strength (coulombs) Other properties 
(psi) [AASHTO 
T227] 


5000 <1500 =x Bridge decks 
Tennesee 


aoe <3000 [xg frase — eee. ll 


Currently does not have 

Utah HPC specification 

In accordance For low permeability 

with AASHTO concrete 

T227 with 

modified curing 

technique- 1 

week at 73°F 

Depends | and 3 weeks at 

Virginia on class 100+10°F 


of 1500 at 28d For overlay and special 
concrete designs 


4. Materials and Testing Methods 


4.1 Materials 


All materials used in the project were from local sources. 


Crushed granite of max. size of %4 inch and river sand from a local source in Colorado 
were used in the project. The properties of the aggregates are shown in Table 2. 


Type I/II low alkali Portland cement from Holnam Inc. was used. The properties of the 
cement are listed in Table 3. 


Fly ashes of Class F and Class C were from Denver Terminal. The test data of chemical 
and physical analyses are listed in Table 4. 
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Silica fume was Rheomac® SF100 dry compacted silica fume from Master Builders 
Technologies with BSG = 2.22 


All admixtures used were from Master Builders Technologies. High Range Water 
Reducer: Rheobuild © 3000FL; Air Entraining Agent: MicroAir; Retarder: Delvo Stabilizer. 


Table 2. Properties of Aggregates 


Absorption Moisture UW 
BSG (ssd) BSG (od) (%) Content (%) | (Ib/ft’) FM 
ay 
| 2.93 


2811 2.800 0.384 0.242 96.81 
| Sand [257] 2494293 


Table 3. Chemical and Physical Properties of the Cement 


Chemical and Mineral Compositions Physical Properties 


7 Air Content, % 
Blain Fineness, 1 7kg 


Item 


Alto 
S| 8 
Nn 

SI XI~ 

© 

po} 


|} CO 


SY Qe 
| ~J] 00 
—~— LoS) 


Autoclave Expansion, % 
Compressive Strength ( psi) 
7 
i 
| 


3-day 
7-day 
Initial Vicat, min. 
Final Vicat, min. 


aR] nn _ 
| oo joy 


Table 4(1). Chemical and Physical Analyses of Fly Ashes 


Fly ash | Source SiO, ALO; Fe,O, SO, CaO Loss on Alkali 
ignition As Na,O 


1019 


19.35 
18.37 26.3 
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Table 4(2). Chemical and Physical Analyses of Fly Ashes 


Fly ash | Source Fineness Water 28d Strength Activity | Soundness BSG 
On #325 requirement, % Index, % % 
sieve ,% 


mas [966 | —«_—SC«d;CO 
1621 | 96.6 [91.1 | 0084 


4.2 Concrete Mix Designs 


Water-cement ratio and cement content were selected as two of the testing parameters in the 
project. Therefore, a modified concrete mix design method was developed based on ACI 211.1- 
91. 


1. The following parameters were selected for the concrete mixes: 


slump = 3 to 4 inches 

max. size of agg. =3/4 inch 
compressive strength = 4500 psi 
air content = 6.5 % 


VVVV 


2. Watercement ratio w/c (weight ratio) 

Water-cement ratio is one of the experimental parameters. 
3. Cement content W, 

W- is one of the experimental parameters (in Ib/yd°). 
4. Water content Wy 

Water content Wy (in Ib/yd*) for each mix design is calculated based on w/c 
Ww = (w/c)(We + Wer + Wea) 

in which Wg is the weight of silica fume in Ib., and Ws, is the weight of fly ash in Ib. 
5. Silica fume content Wer 


Wer (in Ib/yd°) is fixed in all mix designs as 4% of the cement content (in addition to the 
cement content, not a replacement). 


6. Fly ash content Wea 


15 


We, (in Ib/yd°) is one of the experimental parameters (in addition to the cement content, not a 
replacement). 


7. Gravel content W, 


For max. size of aggregate %4 in., and fineness modulus of 2.93. The volume fraction of 
coarse aggregate can be determined from Table 6.3.6 (ACI 211.1-91) as 0.61. 


Va= 0.61 x 27 = 16.47 ft® /Yard* 
W, = 16.47 x 96.81 = 1595 Ib/yd* 


in which V, and W, are volume and weight of aggregate per cubic yard of concrete, 
respectively; 27 is the conversion factor (1 yd? = 27 ft*); 96.81 is the unit weight of gravel. 


Taking into account the moisture content for the gravel, the weight content for the gravel in 
stock, Wes, in Ib/yd? can be evaluated 


Wes = We ‘(1 +0.0024) = 1599 Ib/yd° 
in which 0.0024 is the moisture content of the gravel. 
8. Sand content W, 

Ws was calculated by using the volume basis method, since the bulk specific gravities of 
the Class F fly ash and the Class C fly ash are different. Two different formulas were developed 
for the sand content. 

For Class F fly ash, the volume of sand, V,, in ft? can be calculated 

= 16.12 - Vw- Ve - Via - Vse 

= 16.12 - W,/62.4 - W./(3.15 x 62.4) - W/(2.37 x 62.4) - We/(2.22 x 62.4) 

= 16.12 —0.016W,y — 0.0051 W, — 0.0068 We, - 0.0072 Wer 
in which Wf, and Wg are the weight of the fly ash and silica fume, respectively; Wy, and W, are 
the weight of water and cement, respectively; 2.80 is the bulk specific gravity (BSG) of the 
gravel; 62.4 is the specific weight of water, Ib/ft*; and 6.5% is the targeted air content. 
For Class C fly ash, the volume of sand, V,, in ft? can be calculated in a similar manner 

V; = 16.12 — 0.016W,, — 0.0051 W, — 0.0059 We, - 0.0072 Wer 


Then, the weight content of sand, W,, in Ib/yd° can be evaluated 


Ws= Vs" 2.49° 62.4 = 155.38V, 
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in which 2.49 is the BSG of the sand. 


Taking into account the moisture content for the sand, the weight content for the sand in stock, 
Wss, in Ib/yd? can be evaluated 


Ws; = Ws * (1+0.0152 ) 
in which 0.0152 is the moisture content of the sand. 
9. Moisture adjustment for the water content 


Ww = Ww + Wa(0.384%-0.242%) + W.(4.64%- 1.52%) 
= W,,+ 1595 x 0.0014 + 0.0312Ws 
=W y+ 2.27+0.0312 Ws _ Ib/yd* 


in which Wyz is the adjusted water content; 0.384% and 4.64% are the moisture contents of the 
saturated gravel and sand, respectively; 0.242% and 1.52% are the moisture contents of the 
gravel and sand in stock, respectively. 


4.3 Specimen Preparation 


Concrete materials were mixed by following ASTM C-192 “ Standard Method of Making 
and Curing Concrete Test Specimens in the Laboratory”. Coarse aggregate together with some 
of the water and solution of admixtures are added into the mixer first, and after a few revolutions 
of the mixer, fine aggregate, cement and remaining water are added. The mixer runs for 3 
minutes after all ingredients are added into it, then rests for 3 minutes, and finally runs for 
another 2 minutes. 


The slump test (ASTM C-143 “ Standard Test Method for Slump of Portland Cement 
Concrete’’) and the air content test (ASTM C-231 “Air Content of Freshly Mix Concrete by the 
Pressure Method”’) were performed before the cast of concrete specimens. The concrete 
specimens were placed in a curing room of 68°F, 100% relative humidity. 


4.4 Test Methods 
When the concrete specimens reached the specific ages, the following tests were performed: 


e Compressive strength test. The strength tests were performed at 3 days, 7 days, 28 days, 
and 56 days. 4” by 8” cylinders were used for the compressive strength test. Two 
cylinders were used for each test at 3 days, 7 days, 28 days, and 56 days. 


e Rapid chloride permeability test (ASTM C 1202, AASHTO T277 “Electrical Indication 
of Concrete’s Ability to Resist Chloride Ion Penetration”). The permeability tests were 
performed at 28 days and 56 days. Cylindrical specimens of 4” in diameter by 2” in 
height were used for the permeability test. Two specimens were used for each test at 28 
days and 56 days. 
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e Crack resistance test (or ring test, AASHTO PP34-98 “ Standard Practice for Estimating 
the Crack Tendency of Concrete’). Two concrete rings of 6’’ in height with outer 
diameter 18’’ and inner diameter 12’’ were made for each concrete mix. After one day 
of curing under room temperature, the molds were removed and the concrete rings were 
placed in the lab (temperature = 72°F and relative humidity = 35%) until the first crack 
was observed. The apparatus of the ring test is shown in Appendix II. The cracks were 
monitored by unaided eye as well as by a zoom. 


e Drying shrinkage test (ASTM C- 157 “ Standard Test Method for Length Change of 
Hardened Hydraulic-cement Mortar and Concrete’). Two concrete prisms of 3” by 3” 
by 12” were made for the drying shrinkage test. After 7 days of curing in a fog room 
(68°F, 100% Relative Humidity), the prisms were removed from the fog room and 
placed in the lab (temperature 72°F and relative humidity 35%). Shortening of the 
prisms due to drying shrinkage was then measured. The shrinkage test was only 
performed for some concrete mixes. 


5. Phase I Study 


In the Phase I study, cement content (Wc), water-cement ratio (w/c) and fly ash content 
(Wfa) were selected as experimental parameters: 


> Three w/c were tested, 0.37,0.41, 0.45. 
> Three We were tested, 450, 485, and 515 Ib/yd?. 
> Two different Wfa were used in the project: 20% and 25% of the cement content. 


The objective of the Phase I study was to identify the optimal concrete mix design in terms of 
moderate compressive strength, low chloride permeability, and high crack resistance. 


5.1 Test Results of the Phase I Study 


Twenty concrete mixes were tested in the Phase I study. The concrete mix proportions 
and test results from the Phase I study are summarized in Table 5. 


18 


Table 5. Mix Designs and Test Results of the Phase I Study 


a 
Cement content TB) 
Fly ash, Class F lb/yd° (% of cement) 90 (20) 90 (20) 90 (20) 112.5 (25) 
Silica fume, Ib/yd°,(% of cement) 18 (4) 18 (4) 18 (4) 18 (4) 
WAC 
Sand (Ib/yd”) 1480 1458 1436 1450 
Gravel (lb/yd”) 1595 1595 1595 1595 
FIRWR oui Tbomnew) |_| 67 | 0 | 0 | 
Mico Air (2700 T cee 
Retarder (7/100 Tb cemen 
Simp Geb 
aireonen <i as 
Permeability at 28 days 2309 4764 6668 3265 
(Coulomb) 3352 4123 5975 

Permeability at 56 days 1385 
(Coulomb) 1560 1430 3650 1578 

7 


2 
| 
Sas 
streng 
Hs 
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Table 5. Mix Designs and Test Results of the Phase I Study (continued) 


Fee ee ee) 
[fc a 

(Ib/yd*) 450 595 

Ib/yd?, (% of cement) (25) 59.5(10) 
Silica fume, 18 

Ib/yd?, (% of cement) (4) 


wie | ot | on _| 
(Ib/yd*) 1595 1690 ree 
HRWR 
(oz/100 lb cement) 10 75 
Micro Air 
(oz/100 lb cement) 1.34 2.55 
Retarder 
(oz/100 lb cement) 2.65 2.84 
i 
(% 8.5 

0 0) 


fing fs 

(inch) 

(Coulomb) 3252 2850 

Permeability at 56 days 2218 2714 

(Coulomb) 2339 2102 

(days) 3 3 

strength 7 days 2985 4474 3224 
28 days 3949 5422 AT7T7 


56 days 4570 5310 5231 


650 
0.44 
1348 
1628 
6.86 
2.33 
2.58 

) 

7.5 
3762 
3146 
3439 
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Table 5. Mix Designs and Test Results of the Phase I Study (continued) 


a 
=n PPP 
(Ib/yd>) 450 485 485 485 
Ib/yd? (% of cement) (25) 20 20 20 
Ib/yd? (% of cement) (4) (4) (4) (4) 

1 1595 1595 1595 1595 
(0z/100 lb cement) 8.93 
(oz/100 lb cement) 1.56 


Retarder 
(oz/100 lb cement) 


First cracking 
(days) 20 


Permeability at 56 days Lae 1493 1751 2030 
(Coulomb) 3274 1521 1748 2228 
2054 2866 2349 2707 


Compressive 
strength 7 days 2850 3861 3264 3941 


(psi) 
28 days 3877 5032 4339 5155 
4411 5000 4737 6146 
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Table 5. Mix Designs and Test Results of the Phase I Study (continued) 


es eee 
[a Pa a DP 
(b/yd*) 485 485 485 515 
Fly ash 121.2 121.2 12:12 
Ib/yd* (% of cement) (25) (25) (25) (20) 
Silica fume, 19.4 19.4 19.4 20.6 
Ib/yd* (% of cement) (4) (4) (4) (4) 
icy | oar | ot | ous | oa 
9.4 


HRWR 
(oz/100 lb cement) 11.1 10.4 
Micro Air 
(0z/100 lb cement) 1.25 
50) 


Retarder 

(oz/100 lb cement) 2 
Slump 

(inch) 2 
Air content 

(%) 


[teal tee ll wee 

(Coulomb) 2811 3281 3933 2845 
(Coulomb) 1095 1742 2329 1373 
fa | a | on | | 
(days) 12 11 10 12 
Compressive 
strength 7 days 4260 3264 3185 4395 

28 days 5693 4474 A771 5477 


Ze 


Table 5. Mix Designs and Test Results of the Phase I Study (continued) 


(Ib/yd~) 515 515 515 515 S15 
Ib/yd? (% of cement) (20) (20) (25) (25) (25) 
Ib/yd? (% of cement) (4) (4) (4) (4) (4) 


(Ib/yd*) 1345 1319 1335 1308 1281 
(Ib/yd*) 1595 1595 1595 1595 1595 


Hl 


(oz/ 100 Ib cement) 


(0z/100 lb cement) 


o/b came Paw Pow Paw 


Slump 
(inch) 
a 
Permeability at 28 days TE 4489 265 6 ri 1 a aie 
(Coulomb) 2962 4781 2593 4014 5871 
Permeability at 56 days 1635 3403 1594 2164 3241 
Coulomb) 1623 2905 1723 2384 3621 
3 days 3085 2620 3495 2611 2205 
strength 7 days 4339 3125 4243 3603 2954 
(psi) 
28 days 5494 4403 5927 4896 4359 
56 days 6123 5271 6385 5382 5060 


W/(C+M) 
HRWR 
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5.2 Discussion 


1. The ratio of water to cementitious materials has the most significant effect on rapid 
chloride permeability. It can be seen clearly from Figs. a, b, c and d that the permeability is 
almost proportional to the w/(c+m) ratios, either at 28d or 56d. 


Fig.a 28d permeability vs w/(c+m)(fly ash 20%) 


Coulombs 


cement content (Ib/yd cu) 


Fig.b 28d permeability vs w/(c+m)(fly ash 25%) 


couloms 


cement content (Ib/yd cu) 
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Fig.c 56d permeability vs w/(c+m) ( fly ash 20%) 


G w/(c+m)=0.37 
w/(c+m)=0.41 
Ow/(c+m)=0.45 


coulombs 


cement content( lb/cu yd) 


Fig.d 56d permeability vs w/(c+m) ( fly ash 25%) 


coulombs 


cement content (Ib/cu yd) 


2. The increase of the Class F fly ash content from 20% to 25% of cement content does 
not significantly affect the permeability (Fig. e, Fig. f). 


3. The permeability appears to be correlated to slump (Fig. g), but further examination 
indicates that the correlation should be attributed to the water/ cementitious ratio, as those mixes 
with higher water/cementitious ratios also tend to have higher slump values. From Fig. g, one 
can see that the low slumps and low permeabilities occur for Mixes 1, 4, 7, 10, 13, 16, which, 
from Table 5, are the mixes with low water/cementitious ratio 0.37 (Fig. g was obtained by 
converting the permeability test data into percentages). 
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Fig.e 28d permeability vs fly ash addition 
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Note: In Fig. e and Fig. f, the cement content of the first three groups is 450 Ib/yd* 
the cement content of the second three groups is 485 Ib/yd? 
the cement content of the third three groups is 515 Ib/yd? 


Fig.f 56d permeability vs fly ash addition 


coulombs 


0.37 0.41 0.45 0.37 


w/(c+m) ratio 
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Fig.g 56d permeability vs slump 
—e— 56d permeabilit 
—a— slump 
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*100% relative permeability corresponds to 3650 coulombs 
* 100% relative slump corresponds to 8 inches of slump measured for fresh concrete mix 


4. The permeability is not correlated to the air content. It can be seen in Fig. h that when 
the air content increases, the permeability tends to decrease. This might suggest that the air- 
entraining agent, if applied properly, increases the volume fraction of capillary pores, but does 
not increase the connectivity of the pore system. The permeability depends strongly on the 
connectivity of the capillary pore system. 


5. The permeability appears to be related to the compressive strength (Fig. i, Fig. j). 
When the permeability is high, the strength is low. In fact, this is mainly attributed to the effect 
of water/(c+m). However, the permeability is not remarkably reduced by the increased strength 
caused by the increase in the cement content from 450 Ib/yd? to 515 Ib/yd?. 
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Fig.h 56d permeability vs air content 
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* 100% relative air content corresponds to 9% air content in fresh concrete mix. 
*100% relative permeability corresponds to 3650 coulombs. 


Fig. i 56d permeability vs 56d strength 
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*100% relative permeability corresponds to 3650 coulombs. 
*100% relative strength corresponds to 6385 psi. 
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Fig. j 56d Permeability vs 3d strength 
—¢— 56d permeability 
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*100% relative permeability corresponds to 3650 coulombs 
*100% relative strength corresponds to 3495 psi. 


6. Fig. k and Fig. 1 show that the effect of air content on the compressive strength 
depends on the level of air content. When the air content is below about 6.3% (70% line in the 
figures), the strength is not significantly affected. When the air content is above 6.3%, the 
strength is low. 


7. From Fig. m through Fig. p, one can see that w/(c+m) ratio also has significant effect 
on the strength, especially for the cases of 25% fly ash addition (Fig. n and Fig. p), that is, the 
strength is decreased by the increasing water/cementitious ratio. In the cases of 20% fly ash 
content (Fig. mand Fig. 0), the relationship between strength and water/(c+m) is interfered by 
air content. For example, Mixes 1, 2, and 3 should have decreasing order of the strength, but 
exhibit the opposite trend. This is because their air contents are in a decreasing order. 


8. Fig. q compares the compressive strength measured at different ages. It can be seen 
that the compressive strengths show excellent consistency among the different ages. Therefore, 
we can use the strength at any age (e.g., 3-d strength) in developing a relationship between the 
strength and other parameters. 
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Fig. k 56d strength vs air content 


—e— air comtent 
—s— 56d strength 
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* 100% relative air content corresponds to 9% air content in fresh concrete. 
* 100% relative strength corresponds to 6385 psi. 


Fig.l 3d strength vs air content 
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*100% relative air content corresponds to 9% air content in fresh concrete. 
*100% relative strength corresponds to 3495 psi. 
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Fig. m 28d strength vs w/(c+m) (fly ash20%) 


| w/(c+m)=0.37 
| w/(c+m)=0.41 
| [2 w/(c+m)=0.45 


485 


cement content(Ib/yd cu) 


Fig. n 28d strength vs w/(c+m)(fly ash 25%) 


| | @ w/(c+m)=0.37 

| | a w/(c+m)=0.41 

| | w/(c+m)=0.45 
485 


cement content (Ib/yd cu) 
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compressive strength ( psi) 


compressive strength (psi) 


Fig. O 56d strength vs w/(c+m) (fly ash 20%) 


485 
cement content (Ib/cu yd) 


Fig. P 56d strength vs w/(c+m) ( fly ash 25%) 


@ w/(c+m)=0.37 
@ w/(c+m)=0.41 
0 w/(c+m)=0.45 


450 485 


cement content (Ib/cu yd) 


a2 


Fig. q comparison of the consistency of strengths at 
different ages 
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*100% 3d relative strength corresponds to 3495 psi. 
*100% 7d relative strength corresponds to 4395 psi. 
*100% 28d relative strength corresponds to 5927 psi 
*100% 56d relative strength corresponds to 6385 psi. 


9. The time for the first cracking to occur is not strongly correlated to the permeability 
(Fig. r). 


10. With an increase of the cement content and thus the strength of concrete, the time for 
the first cracking to occur is shortened, as seen in Fig. s through Fig. u. 


Fig. r cracking time vs permeability 
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*100% permeability is corresponding to 3650 coulombs. 
* 100% cracking time corresponding to 67 days. 
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cracking time (days) 
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Fig. S cracking time vs cement content 
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Fig. t cracking time vs 28d strength 
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Fig. U cracking time vs 56d strength 


c56d compressive strength 


40 
time (days) 


Fig. V free shrinkage of the bridge deck concrete in developing 


shrinkage (Microstrain) 


time (days) 


11. The free shrinkage test was not very successful due to large scattering (see Fig. v). 
But, one important observation is that all concrete specimens have drying shrinkage less than 
600 microstrain after about 90 days of exposure. 
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12. With the addition of silica fume in 4%, Class F fly ash in 20% of cement content, and 
water/cementitious ratio of 0.41 or lower, the 56d chloride permeability can be effectively 
reduced to below 2000 coulombs. 


13. Based on the above discussion of the test results obtained in the Phase I study, the 
ranges of the concrete design parameters are 


> cement content about 450 to 485 Ib/yd? 
> w/m about 0.37 to 0.41 

>» fly ash addition about 20% to 25% 

> silica fume 4% 


5.3 Selection of Optimal Mix Designs for the Phase II Study 


Step 1: Select the mixes with low chloride permeability from Fig. g. It is clear that Mixes 
1, 2, 4, 7, 8, 10, 11, 13, 14, and 16 have relatively low chloride permeability. These mixes are 
marked in the first row of Table 6. 


Step 2: Select the mixes with high compressive strength at 56 days from Fig. k. It is clear 
that Mixes 4, 7 through 18 have relatively high strength. These mixes are marked in the second 
row of Table 6. 


Step 3: Select the mixes with long cracking time from Fig. r. It is clear that Mixes 1 
through 8 have relatively longer cracking time. These mixes are marked in the third row of Table 
6. 


Step 4: Those mixes marked three times in Table 6 are selected as the optimal mix 
designs for the Phase II study. The selected mixes are: Mix 4, Mix 7, and Mix 8. 


Table 6. Selection of the Optimal Mix Designs for the Phase II 
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6. Phase II Study 
The Phase II study was focused on Mixes 4-2, Mix 7, Mix 8, and Mix 14. Some 


important influential parameters on concrete properties that had not been examined in Phase I 
were studied in Phase II, including the type of fly ash, curing time, and aggregate gradation. 
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In addition to the selected mixes from Phase I, more mix designs were incorporated into 
the Phase II study, including two mix designs from Lafarge (the material supplier for the 
construction project of [-225 & Parker Rd.), and two mixes from CDOT - Class DT, and Class 
SF. Class SF was further modified for the application in the thin overlay on bridge decks. 


The compressive strength test, the rapid chloride permeability test, and the ring test, as 
described in Section 4.4, were conducted for all mixes in the Phase II study. 


In order to improve repeatability of the ring test, a trial test was conducted by using strain 
gages on the steel ring and on the surface of concrete. 


6.1 Description of the Mixes in Phase II 


SOOO SO SE Se 


= eRe 
WNrFR © 


14. 
15. 
16. 
ine 
18. 


19. 


Mix II7 

Mix II8 

Mix II8C 
Mix II8C-7d 
Mix II8C-12d 
La2 

La3 

La3F 

CD-SF 


.CD-DT 
. SFSP-C 
. SFSP-F 
. SFSP-I 


114 
114-3 
114-4 
1114 

II 14-2 


II 14-3 


Same mix design as Mix 7 in Phase I. 

Same mix design as Mix 8 in Phase I, with higher w/c than II7. 

Same mix design as II8, but with Class C fly ash. 

Same mix design as II8C but with 7-day curing. Ring test only. 

Same mix design as I[8C but with 12-day curing. Ring test only. 

Same mix design as Mix 2 of Lafarge. 

Same mix design as Mix 3 of Lafarge. 

Same mix design as Mix 3 of Lafarge, but with Class F fly ash. 

Same mix design as Class SF of CDOT. 

Same mix design as Class DT of CDOT. 

Modified mix design based on Class SF of CDOT with class C fly ash. 
Modified mix design based on Class SF of CDOT with class F fly ash. 
Modified mix design based on Class SF of CDOT with class F fly ash and 
adjusted aggregate gradation. The aggregate with intermediate size 
replaces 10% of the course aggregate. 

Same mix design as Mix 4-2 in Phase I. 

Modify Mix 4-2 in Phase I with more cement. 

Modify Mix 4-2 in Phase I with higher gravel content. 

Same mix design as Mix 14 in Phase I. 

Same mix design as Mix 14, and use intermediate size of gravel to replace 
a part of course gravel. 

Same mix design as Mix 14, and use intermediate size of gravel to replace 
a part of course gravel and a part of sand. 


6.2 Test Results from Phase IT 


The test results from Phase II are summarized in Table 7. 
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Table 7. Testing Results of the Mixes in Phase II 


Pt |e | ee | mata | 
oem te le lel 
(Ib/yd?) 485 485 485 485 
Ib/yd? (wt. % of cement) (20) (20) (22.7) (22.7) 
Ib/yd? (wt.% of cement) (4) (4) (4) (4) 
wie | ax _| om | on | om | 
fia’) | tae aso | rst | rs | 
11.45 11.14 11.45 11.45 

on/00 Tb cement) 
(oz/100 lb cement) 3.1 3.2 
iach | so | ss 
(inch) 3.0 5.5 
Air content [rae 
(%) De) 8.5 
Permeability at 28 days 
(Coulomb) 2355 3161 
Permeability at 56 days 
(Coulomb) 1588 1609 
(days) 
strength 7 days 4419 3695 4060 

28 days 5255 4657 5143 

scams | esis | sara | ssa | ssa _| 
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Table 7 (continued) 


Pract | tae | ta | tae 
a PP 
(Ib/yd?) 485 450 470 470 
Ib/yd> (wt.% of cement) (22.7) (29) (19) (17) 
Ib/yd* (wt.% of cement) (4) (5.5) (5.3) (5.3) 
bcm | co | ow | ov | on | 
eee le oe ee 
(0z/100 Ib cement) 11.45 2.2 2.55 21359 
fostootbcemeny | toa | toa | tse | tas 
(0z/100 lb cement) 

Eee | [as | am | a 
(oz/100 lb cement) 

mr |e | wo | ws | co _ 
(inch) 3.2 6.5 
a PPP PP 
(%) 7.0 6.5 7.5 6.5 
(Coulomb) 9202 5735 4250 
Permeability at 56 days N/a 3687 2961 3311 
(Coulomb) 4184 3361 2370 
(days) 

Compressive 

strength 7 days 4060 3662 3463 3065 


(psi) 
28 days 5143 4745 4355 4084 
5541 5255 5302 4769 
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Table 7 (continued) 


Cement content 
(Ib/yd*) 630 490 490 


Ib/yd? (wt.% of cement) (11) (23) (20) 
Ib/yd? (wt.% of cement) (7.5) (4) (4) 

mice || oss | om | om | om | 
ai a 
(oz/100 lb cement) 10.17 

Micro Air 

(oz/100 lb cement) 

Retarder 

(0z/100 lb cement) 


Slump 
(inch) 


(days) 
4299 3595 3025 3105 
Compressive 
strength 7 days 5095 4857 4005 3583 
(psi) 
28 days 6425 D255 5167 4634 
6521 5414 5621 5541 
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Table 7 (continued) 


ne eae ee 
yy | ago | aso | nes | nes 
(Ib/yd°) 490 450 465 465 
Fly ash F112.5 F116 F116 
Ib/yd? (wt.% of cement) (23) (25) (25) (25) 
Ib/yd? (wt.% of cement) (4) (4) (4) (4) 
mice | ot | om | ox | om | 


11.91 11.91 


Slump 


oa a 
(0z/100 lb cement) 


(inch) 


amr oa | a | a 

(%) 7.8 

(Coulomb) 5850 3084 3592 2747 
(Coulomb) 3240 2024 3292 2005 
(days) 


Compressive 
strength 7 days 2826 3025 2962 4363 


(psi) 
28 days 3806 4140 4060 5645 
4204 4682 4307 5661 
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Table 7 (continued) 


Cement content 
(Ib/yd°) 515 515 515 


Fly ash F103 F103 F103 

Ib/yd? (wt.% of cement) (20) (20) (20) 

Ib/yd? (wt.% of cement) (4) (4) (4) 

ee ie? ie 
1595 1595 1595 
4.89 4.89 4.89 


Micro Air 
(oz/100 lb cement) 


a a PP ID 
(0z/100 lb cement) 

Slump 
a Oe Pe 
Air content 
[a DP 
Permeability at 28 days 5364 
Permeability at 56 days 2947 3718 3046 
First First cracking (days) | (days) 


vsit_| 2634 | 3081 


Compressive 
strength 7 days 3981 3575 3925 


(psi) 
28 days 5605 4594 5032 


5963 4968 5645 
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6.3 Discussion 


The 19 mixes in the Phase II study can be divided into six groups: 


Group 1: II7 and II8-x; 
Group 2: La- x; 

Group 3: CD-x; 

Group 4: SFSP-x; 
Group 5: II4-x; 

Group 6: II14-x. 


in which x is for the testing variable in each group. For example, II8C (Mix 3) means Class C 
fly ash is used in the mix. The experimental results can then be compared between the groups 
and within each group. 


(1) Chloride Permeability 


It can be seen from Fig.1 that the permeability of Group 1 and Group 5 behaves better 
than the other groups. Within Group 1, higher w/c and Class-C fly ash result in higher value of 
the permeability (see II8C). Within group 5, an increase in cement content leads to an increase 
in the permeability (comparing II4 and II4-3), but an increase in the ratio of gravel to sand 
reduces the permeability (comparing [14-3 and 14-4). 


Group 2 has a high level of chloride permeability, this may be a result of the relative high 
w/c (0.42). Class F fly ash helps to reduce the permeability slightly which can be seen by 
comparing La3 and La3F. La2 has high chloride permeability due to its high content of Class C 
fly ash. 


In Group 3, CD-SF has the lowest permeability of all 19 mixes. This is because of its low 
w/c and relative high silica fume content. On the other hand, CD-DT has the highest 
permeability due to its high w/c and zero silica fume content. 


Group 4 indicates the benefit of Class F fly ash in reducing permeability (comparing 
SFSP-C and SFSP-F). SFSP-I has relatively higher permeability; this might be due to its 
adjusted (or reduced) aggregate sizes. 

Group 6 shows that the replacement of a part of coarse aggregate by gravel of smaller 
size is not beneficial for improving the permeability, but it is good when both gravel and sand are 


replaced by the intermediate aggregate at the same time. 


The 56-day permeability results agree very well with the 28-day results. 
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(2) Cracking time 


In Group 1, I18 has longer cracking time than II7; and 7d curing for II8C (II8C-7d) 
results in a longer cracking time than Id curing (II8C) and 12d curing (II8C- 12d). 


In Group 2, La3 has longer cracking time than La2, and Class F fly ash further extended 
the cracking time (La3F). 


In Group 3, both of the mixes have shorter cracking times than others. So, the current 
CDOT DT and SF mixes have low crack resistance. 


In Group 4 Class F fly ash shows its beneficial effect on crack resistance (See SFSP-F 
and SFSP-I). 


In Group 5, higher cement content causes shortening of the cracking time (comparing [4 
and II4-3), while increasing the content of course aggregate improves the cracking resistance 
(comparing II4-3 and II4-4). 


Group 6 shows that using smaller aggregate to replace coarse aggregate reduces the 
cracking resistance (comparing II14 and I[14-2). When part of the sand is replaced by larger 
aggregate, the cracking resistance is improved (comparing II14-2 and II14-3). So, the more 
coarse aggregate, the higher the cracking resistance. 


Fig.2 cracking time 
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(3) Compressive Strengths 


The 28-day compressive strengths of the 19 mixes are shown in Fig.3. It can be seen that 
most of the mixes are above the design strength of 4500 psi. Group 5 seems relatively low, but 


may be improved by increasing the content of coarse aggregate (comparing II4-3 and II4-4) or 


by slightly reducing w/c. 56-day strengths are shown in Fig. 4; most of the mixes are above 


5000 psi. 


Fig.3 28d strength 
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(4) Strain monitoring of a concrete ring 


The strains measured on the outer surface of concrete and on the inner surface of the steel 
ring are plotted in Fig. 5. The experimental setup and the test data are listed in Appendix III. 
The concrete mix for this test was Mix I114-3. 


One can see that there is basically no change in the level of strain in the steel ring, which 
is expected. The stiffness of the steel ring must be sufficiently high so that there is no noticeable 
deformation taking place when the concrete ring shrinks. 


The strains on concrete started to drop after about 7 days, which is an indication of the 
formation of microcracking in the concrete. In general, the strain at the exact location of a crack 
increases with the propagation of the crack, all other locations experience unloading (i.e., 
decrease of strain). Visual observation on the concrete ring detected the first cracking on 13 
days (see Table 7, the last mix). This means that strain monitoring is a more sensitive tool for 
detecting the microcracks on concrete rings. But the reliability of this technique needs to be 
confirmed by more tests. Moreover, since there is no sharp decline in the measured strains, the 
exact time of cracking cannot be determined. 


Fig. 5 The recorded strains on the concrete and on the steel ring 
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6.4 Conclusions of the Phase II Study 


1. Class F fly ash is better than Class C fly ash in improving both the chloride permeability and 
cracking resistance of concrete. 


2. A proper increase in the content of coarse aggregate can improve the permeability, the 
cracking resistance, and 28-day strength. 


3. Increase in the proportion of an intermediate size of gravel does not improve the cracking 
resistance of concrete, nor the permeability. A larger size and higher proportion of gravel 
should be used. 


4. Longer curing time (12 days) seems to have an unfavorable effect on cracking resistance of 
concrete, but this need to be confirmed by a more detailed experimental study. 


5. Strain monitoring on the surface of concrete ring provides an alternative method for 
determining the cracking time in the ring test. More tests need to be done to improve the 
technique. 


7. Selection of the Best Mixes 


Applying the same approach used in the Phase I study, the best mix designs for bridge 
decks can be selected from the 19 mixes. 


Step 1: Select the mixes with low chloride permeability from Fig. 1b. It is clear that 
Mixes 1, 2, 3, 9, 12, 14 and 16 have relatively low chloride permeability. The critical level of 
the permeability used here for selecting the best mixes is about 2000 Coulomb. The selected 
mixes are marked in the first row of Table 8. 


Step 2: Select the mixes with long cracking time from Fig. 2. It is clear that Mixes 2, 4, 
7, 8, 12, 13, 14, 15 and 16 have relatively longer cracking time. The critical level of the cracking 
time used here for selecting the best mixes is about 13 days. The selected mixes are marked in 
the second row of Table 8. 


Step 3: Select the mixes with high compressive strength at 28 days from Fig. 3. It is clear 
that Mixes 1, 3, 4, 5,9, 10, 11, 16, 17 and 19 have relatively high strength. The critical level of 
the compressive strength used here for selecting the best mixes is about 5000 psi. The selected 
mixes are marked in the third row of Table 8. 


Step 4: Those mixes marked three times in Table 8 are selected as the best mix designs. 
The selected mix is: Mix 16, which is Mix II4-4. If we use the compressive strength of 5000 psi 
at 56 days as the criterion in Step 3 (see Fig. 4), then Mixes 2 and 12 can also be selected, which 
correspond to Mix II8 and Mix SFSP-F. 
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Table 8. Selection of the best mix designs 


ome FEE EER EE EES 
Premeniniy [7 TT 
ie 


aces 
FStrength 8 [7 [7 


Fcc GO 


* If the compressive strength of 5000 psi at 56 days is used as the selecting criterion. 


Considering overall performance of the concrete mixes tested, the ranges for the concrete 
design parameters can be determined. The range for cement content is from 465 to 485 Ib/yd*; 
water/cementitious ratio from 0.37 to 0.41; and Class F fly ash from 20% to 25%. Curing time is 
seven days. 


Two mix designs are recommended for use in the summer and in the winter, respectively. 
In the summer season, Mix II4-4 is preferable. It has a low cement content of 465 Ib/yd? and a 
high fly ash content of 25 wt.% of cement. The water/cementitious ratio can be slightly 
increased if necessary to improve workability. In the winter season, Mix II8 is preferable. It has 
higher cement content and lower fly ash content than Mix II4-4. In Mix II8, gravel content could 
be increased to 1780 lb/yd* and w/c could be slightly reduced. In both mixes, Class F fly ash 
should be used. 


For the thin overlay concrete, Mix SFSP-F or Mix [14-4 or Mix II8 can be selected. If 
Mix [14-4 or Mix II8 is used for thin overlays, smaller aggregate should be used in the mix. 


8. Overall Accomplishments 


Compared with Class DT, the overall accomplishments of the Phase I and Phase II 
studies can be summarized: 


Cement content is reduced from above 600 Ib/yd? to below 500 Ib/yd?. 
The chloride permeability is reduced from about 6000 Coulomb (at 56 days) to below 2000 
Coulomb. 

e Narrow ranges for concrete design parameters are identified, which provide flexibility for 
various deviations in concrete mix design to meet specific needs. 

e Class F fly ash results in better durability performance than Class C fly ash. 
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Appendix I. Size Distribution of Aggregate 


Fig. L-1. The size distribution of the aggregate in most of the mixes 


agg/sand=0.543/0.457 


#16 #30 #50 


Fig. -2. The size distribution of the aggregate used in Mix II14-2. 
agg2/agg/sand=0.25/0.293/0.457 


#16 #30 #50 
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Fig. I-3. The size distribution of the aggregate used for Mix II14-3. 


agg2/agg/sand=0.3/0.353/0.347 


#8 #16 #30 #50 #100 


J 


Appendix II. Apparatus and Images of Ring Tests 


Fig. II-1. The experimental setup monitoring surface cracking on the concrete ring. 


Fig. II-2. Surface cracks from the ring test. 
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Appendix III. Monitoring Strains of the Ring Test 


Fig. I-1 The data acquisition system used for monitoring the strains on the inner 
surface of the steel ring and on the outer surface of concrete. 


Table III-1 Recorded strains (in unit e) 


Con 2 steel! 
| 8 os |e] 7.83 
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